Autoimmune muscle diseases (myositis) comprise a group of complex phenotypes influenced by genetic and environmental factors. To identify genetic risk factors in patients of European ancestry, we conducted a genome-wide association study (GWAS) of the major myositis phenotypes in a total of 1710 cases, which included 705 adult dermatomyositis, 473 juvenile dermatomyositis, 532 polymyositis and 202 adult dermatomyositis, juvenile dermatomyositis or polymyositis patients with anti-histidyl-tRNA synthetase (anti-Jo-1) autoantibodies, and compared them with 4724 controls. Single-nucleotide polymorphisms showing strong associations (P o5 × 10 − 8 ) in GWAS were identified in the major histocompatibility complex (MHC) region for all myositis phenotypes together, as well as for the four clinical and autoantibody phenotypes studied separately. Imputation and regression analyses found that alleles comprising the human leukocyte antigen (HLA) 8.1 ancestral haplotype (AH8.1) defined essentially all the genetic risk in the phenotypes studied. Although the HLA DRB1*03:01 allele showed slightly stronger associations with adult and juvenile dermatomyositis, and HLA B*08:01 with polymyositis and anti-Jo-1 autoantibody-positive myositis, multiple alleles of AH8.1 were required for the full risk effects. Our findings establish that alleles of the AH8.1 comprise the primary genetic risk factors associated with the major myositis phenotypes in geographically diverse Caucasian populations.
INTRODUCTION
The emergence of high-throughput, genome-wide association studies (GWAS) and imputation analyses have revolutionized our capacity to perform large, economically feasible and statistically robust analyses of complex human diseases. Such large-scale GWAS have played an essential role in refining our understanding of genetic contributions to complex immune-mediated pathologies, including many human autoimmune diseases (AID). 1 To date, strong genetic associations of AID with various allelic variants of genes from the human leukocyte antigen (HLA) region on chromosome 6p21.3 have been confirmed, and links to many additional non-HLA, immunoregulatory genes have been proposed. 2 The myositis syndromes, or idiopathic inflammatory myopathies (IIM), are a heterogeneous group of systemic connective tissue diseases with a presumed autoimmune etiology based on the presence of many disease-specific autoantibodies and selfdirected lymphocyte responses in patients. 3 Myositis patients and their close relatives are more likely to develop other AID, suggesting shared genetic architectures. 4, 5 Moreover, early candidate-gene, case-control studies of the IIM in Caucasians demonstrated strong, reproducible associations with the HLA 8.1 ancestral haplotype (AH8.1) and the DRB1*03:01 allele in particular, although, with the exception of sporadic inclusion body myositis in which recombinant mapping suggests a susceptibility region spanning 172 kb and encompassing HLA-DRB3, HLA-DRA and BTNL2, 6 the independent impact of alleles comprising AH8.1 has not been determined. 7, 8 It was also not certain whether these genes themselves or others in linkage disequilibrium (LD) were primarily responsible for these findings. 7, 8 Similar genetic associations with the DRB1*03:01 allele have been reported for other AID (for example, systemic lupus, celiac disease, dermatitis herpetiformis, type 1 diabetes and Grave's disease), suggesting common mechanisms of immune dysregulation. 9 The AH8.1 (also known as the HLA A1-B8-DR3-DQ2 haplotype) remains an interesting and unresolved feature of our genome. It has an extremely long (44 megabases) conserved combination of alleles and is found in a significant fraction of the Caucasian population. 10 It is usually defined by the combination of the core alleles HLA-A*01:01, -C*07:01, -B*08:01, -DRB1*03:01, -DQA1*05:01 and -DQB1*02:01, and it represents an evolutionarily highly conserved haplotype that contains hundreds of immunologically important genes. High LD within the AH8.1 region poses challenges in defining independent associations for the individual HLA variant loci using traditional molecular genetic techniques. Previous reports of associations in the HLA region were often confounded because the haplotypic complexity of AH8.1 was not taken into consideration. New genotyping methods and access to large cohorts with defined HLA genotypes allow for new approaches to resolving the AH8.1 puzzle.
The IIM include different phenotypes defined by various clinical, laboratory, autoantibody and immunopathologic features. 3, 11 Among these, adult-onset dermatomyositis (DM), juvenile-onset DM (JDM) and adult-onset polymyositis (PM) are the most prevalent and recognizable clinical phenotypes, and the antihistidyl-tRNA synthetase (anti-Jo-1) autoantibodies are the most prevalent disease-specific autoantibody phenotype in myositis. 3 Because the IIM are relatively rare, with most prevalence estimates ranging from 10 to 20 cases per 100 000, 12 progress in genetic mapping studies has been limited. As part of an international myositis genetics consortium (MYOGEN), we recently published the first GWAS in adult and JDM, a clinical phenotype of the IIM readily identified by characteristic rashes and other cutaneous features. In that study, we confirmed that the major histocompatibility complex (MHC) region contributes most of the risk for DM and identified non-MHC genetic associations that are shared among DM and other AID. 13 Here, we evaluated, at a genome-wide level, risk factors for the development of the most prevalent myositis phenotypes, that is, IIM or all myositis, DM, JDM, PM, and a subset of DM, JDM or PM cases with anti-Jo-1 autoantibodies. We also sought to identify the MHC components that define the primary genetic risks for myositis and expand our analysis of HLA-associated risk factors by using GWAS single-nucleotide polymorphism (SNP) mapping in the largest myositis population studied to date that includes the major phenotypes. Using a large, SNP-HLA allele reference panel from the Type 1 Diabetes Genetics Consortium database (n = 12 893 subjects), we combined HLA allele imputation with haplotype phasing to enhance the statistical power of the IIM data analysis. Our findings provide strong evidence that, in myositis patients from the four different northern and western European populations and Americans of European descent, the primary genetic risks for IIM and its major phenotypes are the combined alleles of the AH8.1.
RESULTS
The MHC region contributes the major genetic risk for all myositis phenotypes studied This GWAS of 1710 myositis cases and 4724 controls [14] [15] [16] (Table 1) showed GWAS-level significance (P o 5 × 10 − 8 ) at a number of genotyped SNPs across the MHC region when all myositis cases were considered together (IIM, Figure 1a ). The same finding was also true for each of the four major phenotypes (DM, JDM, PM and anti-Jo-1, Figures 1b-e, respectively). These findings are consistent with prior candidate gene studies that associated this region with multiple myositis phenotypes, 17, 18 but extend those findings to show that no other genomic region contains genes with a similar strength of association.
GWAS identified alleles of the AH8.1 as the major genetic risk factors for all myositis cases combined We next determined the genes in the MHC region that contributed the major genetic risks noted above. Imputation analyses of the loci that had HLA-typing data available ( Supplementary Table S1 ) showed excellent imputation accuracy (imputation R 2 40.8) for HLA-A, -B, -C, -DRB1, -DQA1, -DQB1 and -DPB1 alleles. Association analyses of the IIM (that is, all myositis cases combined) identified the strongest associations with AH8.1 alleles, notably HLA-DRB1*03 (P = 9.7 × 10 − 47 , odds ratio (OR) = 2.25),
HLA-DRB1*03:01 (P = 7.9 × 10 − 46 , OR = 2.23), HLA-DQB1*02:01 (P = 7.7 × 10 − 45 , OR = 2.18) and HLA-B*08:01 (P = 7.7 × 10 − 44 , OR = 2.21) ( Table 2 ). The strength of associations did not vary substantially among the geographic groups for these loci. However, there was evidence of heterogeneity at the HLA-C*07:01 and HLA-DQA1*05:01 loci in the total population ( Table 2 ). The Swedish/Dutch (SWNL, OR = 2.64) and United Kingdom (UK, OR = 1.92) populations had higher risk values compared with other groups for HLA-C*07:01, and similarly for HLA-DQA1*05:01 (OR = 2.02 and OR = 1.66, respectively), suggesting a North-South gradient in risk for these variants ( Supplementary Table S2 ).
An analysis of SNP and HLA associations conditioned on the HLA-DRB1*03:01 allele resulted in the decrease of the strength of the associations of most SNPs, but several SNPs still reached the genome-wide significant level. There was a residual effect for SNPs rs114042950 (and rs114388793, which is in strong LD with rs114042950) (OR = 1.51, P = 3.9 × 10 − 11 ), with minor allele G frequencies ranging from 0.092 to 0.19 (Figure 2 and Supplementary Table S3 ) that are in moderate LD with DQB1*03:02 (r 2 = 0.65). However, the random effect P-value in meta-analysis was not significant indicating the fixed effect P-value was significant because of heterogeneity, and thus consistent with this finding being a false-positive. The genomewide significant SNPs and HLA variants before and after conditioning ( Supplementary Table S3 ) on the most significant HLA variant DRB1*03:01 for IIM in the meta-analysis of five geographical groups, are also shown in Figure 2 panels a and b, Supplementary Table S3 . Other residual effects came from SNPs rs114771815 (P = 9.0 × 10 − 11 , OR = 1.70), rs116662199 (P = 1.7 × 10 − 10 , OR = 1.69), rs114050967 (P = 5.6 × 10 − 10 , OR = 1.71) and several other SNPs ( Supplementary  Table S3 ).
To assess whether SNPs might be tagging an extended haplotype of HLA alleles rather than reflecting the independent effect of the SNP on myositis risk, we conducted a haplotypebased analysis in which we tested at each point whether adding SNPs or HLA alleles yielded the most parsimonious haplotypebased model to explain variability in risk. The individual test of significance for effect from DRB1*03:01 yielded a P-value of 8.41 × 10 − 42 . Further testing for the haplotype of DRB1*03:01 with DQB1*02:01 led to a P-value of 3.4 × 10 − 51 (χ 3 = 237.4), whereas the combination of AH8.1 alleles DRB1*03:01, B*08:01 and DQB1*02:01 led to a P-value of 2.5 × 10 − 61 (χ 7 = 301.8), giving the best fit to the data when only HLA types were included in the analysis ( Table 3 ). The haplotype that included alleles at these three loci fit the data better than a haplotype with two loci (P = 3.4 × 10 − 13 , χ 4 = 64.4) ( Table 3 ). The presence of a haplotype with all three risk alleles occurred in 18.2% of cases compared with 9.7% of controls (P = 3.4 × 10 − 40 ), whereas the presence of a haplotype without all three risk alleles occurred in 71.5% of cases compared with 83.1% of controls (P = 1.46 × 10 − 47 ). A prior study 19 found that the DPB1*01:01 allele subdivided associations of the 8.1 haplotype according to anti-Jo-1 autoantibody status, but we did not see an overall decrease in the significance when adding the DPB1*01:01 to the haplotype-based analysis. Although the alleles of rs114771815 were more significant than any individual HLA allele, adding this SNP to the extended AH8.1 haplotype led to a less significant model suggesting that variability in risk for myositis is most parsimonious with effects from classic HLA alleles alone.
We determined the LD and gene-gene correlations and interactions among all SNPs and HLA alleles. Among genomewide significant HLA alleles, the following HLA variant pairs were in moderate-to-strong LD: HLA-DRB1*03:01 and -DQB1*02:01 (r 2 = 0.93);
HLA-DRB1*15:01 and -DQB1*06:02 (r 2 = 0.76); HLA-C*07:01 and -B*08:01 (r 2 = 0.65); and HLA-DRB1*03:01 and HLA-B*08:01 (r 2 = 0.52). We also observed a surprising correlation between DPA1*01:03 and DPA1*02:01 (r 2 = 0.76). This region contains multiple insertions and duplications with, for example, 16 different copy number variants influencing the DPA1 gene as noted by Pinto et al. 20 Because prior studies suggested a possible role for the AH8.1-associated tumor necrosis factor 2 (TNF2) allele of the TNFα gene in myositis, 21 we assessed the related SNP (rs1800629) for associations with myositis. Before conditioning on HLA alleles, the association of rs1800629 with risk for myositis yielded an OR of 1.96 (P = 6.4 × 10 − 34 ), but after conditioning on DRB1*03:01, the residual association yielded an OR of 1.43 (P = 1.1 × 10 − 7 ), and the association was further reduced to an OR of 1.19 (P = 0.051) after conditioning on DRB1*03:01, DPB1*02:01 and B*08:01. No significant (P o 1 × 10 − 5 ) gene-gene interactions for risk of myositis were identified (data not shown).
GWAS identified alleles of the AH8.1 as the major genetic risk factors for the most common individual myositis phenotypes Similar analyses were performed for each of the major myositis phenotypes (DM, JDM, PM and anti-Jo-1 autoantibody-positive myositis cases), and similar results were obtained (Figures 1 and 3) . Remarkably, for these phenotypes, the highest genetic risks in the MHC were seen in the smallest population, myositis patients with anti-Jo-1 autoantibodies (Figure 1 ), supporting the concept that myositis autoantibody phenotypes are more genetically homogeneous, as they are more clinically homogeneous, than clinically defined phenotypes. [22] [23] [24] [25] For each phenotype, however, virtually all of the significant genome-wide SNPs were eliminated after conditioning on AH8.1 alleles, with a few exceptions. For example, in DM, the most significant residual SNPs were rs4947342 and rs3021061, which had an OR of 1.61 (P = 1.5 × 10 − 9 ); in JDM, HLA-C*02 (OR = 2.55, P = 3.0 × 10 − 11 ) and HLA-C*02:02 (OR = 2.47, P = 3.2 × 10 − 10 ) remained significant after conditioning on other alleles of the AH8.1; and in PM and in anti-Jo-1 autoantibody-positive cases, no other SNPs remained significant ( Figure 3 ). Of interest, imputation analyses revealed that HLA-DRB1*03:01 was the strongest genetic risk factor for DM and JDM and that HLA-B*08:01 was the strongest genetic risk factor for PM and myositis with anti-Jo-1 autoantibodies. In all the myositis phenotypes, however, the highest genetic risk was seen when alleles at multiple loci of the AH8.1 were considered together (Tables 4-7) . As was the case for all myositis phenotypes combined, our results largely eliminate effects of the -308 TNF2 allele from having a significant role in any one of the phenotypes studied, after allowing for HLA alleles (data not shown).
Logistic association tests were used to assess females (n = 1232) and males (n = 478) and did not show any significant SNP or HLA allele frequency differences, which suggests that it is unlikely there are significant differences in genetic risk factors between female and male myositis patients. Similarly, results did not show significant differences between anti-Jo-1-positive DM (n = 94) and anti-Jo-1-positive PM (n = 108) cases (data not shown). We also did not detect any significant differences between anti-Jo-1-negative DM (n = 132) and anti-Jo-1-negative PM (n = 81) cases. Assessments of gene-gene interactions for all alleles associated with all the myositis phenotypes showed no evidence of significant interactions (data not shown). We also applied two different machine learning tools-Random Forests and Classification Trees-to check for additional genotypic combinations among HLA alleles that might better model risk than analysis of alleles and extended haplotypes, but these analyses did not extend our existing findings. Finally, we applied Fastphase 26 to exhaustively search for any additional haplotypic combinations that significantly improved our risk assessment beyond that of extended haplotype analyses here presented but did not identify any additional associations.
We further evaluated risk from homozygous and heterozygous risk alleles by disease grouping. In all phenotype groups, the results showed that there was no significant difference between the dominant and general models and that the recessive model was rejected ( Supplementary Table S4 ). The additive model was rejected for all phenotype groups except JDM. For all phenotype groups combined, the dominant model gave the best fit to the data. ORs show striking effects from some HLA alleles on risk for development of myositis ( Supplementary Table S5 ). For HLA DRB1*03:01, the risks are 2.63 for IIM, 2.41 for DM and 2.61 for JDM, while the risk associated with HLA B*08:01 are 3.66 for PM and 11.10 for anti-Jo-1 positive myositis.
DISCUSSION
These findings, which to our knowledge include the first GWAS of PM and myositis patients with anti-Jo-1 autoantibodies, are consistent with previous targeted studies suggesting that the MHC is an important genetic region associated with myositis overall and with many individual myositis phenotypes. 17, 18 However, we have extended prior studies via imputation analyses and statistical regression of the HLA data to show that gene variants within AH8.1 explain nearly all the genetic risk in the major myositis phenotypes in Caucasians. Although the strongest individual allelic associations are HLA-DRB1*03:01 for DM and JDM and HLA-B*08:01 for PM and anti-Jo-1 autoantibody-positive myositis, it is clear that multiple alleles of AH8.1 contribute to the risk for myositis. Although specific HLA alleles on the AH8.1 were most strongly associated with myositis, we cannot completely exclude the possibility that they might also be tagging additional variation on the haplotype that cannot be observed except via extensive resequencing studies.
The AH8.1, traditionally defined by HLA-A1, -B8, -Cw7, -DRB1*03:01, -DQA1*05:01 and -DQB1*02:01, is, at 4.7 million nucleotides, the second longest haplotype identified within the human genome and is the haplotype most commonly associated with immune-mediated diseases. 27 That it is the most common haplotype in Caucasian populations also suggests that it might have been advantageous in past environments. It is also remarkably stable, being resistant to recombination, and appears to have been positively selected over millennia. 28 Although several AH8.1-associated immune-mediated diseases are more prevalent in women than men (for example, myositis and systemic lupus erythematosus), AH8.1 is also prevalent in elderly men. 27 Therefore, its persistence in the population may be due to the advantages that AH8.1 exerts on males, which outweigh the disadvantages conferred in females. Another form of myositis, which is uniquely seen more commonly in men than women, is sporadic inclusion body myositis. It is interesting that for this disease, recombination studies suggest that a common AH8.1-specific susceptibility region, spanning 172 kb and encompassing three genes-HLA-DRB3, HLA-DRA and BTNL2 -is likely important in pathogenesis. 6 Our analyses suggest that TNF alleles are not playing a significant role in influencing risk independent of the 8.1 haplotype. 29 We cannot exclude, however, the possibility that other alleles associated with AH8.1 may contribute to disease risk beyond that conferred by the classical HLA alleles identified in this study as the strongest genetic risk factors.
Although the IIM, like other AID, are thought to develop as a consequence of chronic inflammation resulting from environmental exposures in genetically susceptible individuals, few examples of such gene-environment interactions have been reported, 30, 31 and none have explained the strong association between AH8.1 and the different myositis phenotypes. The facts that HLA genes: (i) are important in responses to many infectious and noninfectious environmental exposures; 32 and (ii) determine one's capacity to produce antibodies including many autoantibodies, 33 could explain why specific combinations of HLA alleles are important to the pathogenesis of myositis. The mechanisms underlying HLA associations in AID, however, are not clearly understood.
A traditional view suggests that there is a breakdown in immunological tolerance to self-antigens through aberrant HLA presentation of self-peptides or homologous foreign peptides to autoreactive T lymphocytes. Therefore, it is possible that certain MHC alleles determine the targeting of particular autoantigens, resulting in the observed disease-specific associations. Other explanations, however, have been suggested, including: (i) that specific HLA alleles result in altered thymic selection in which high-affinity self-reactive T cells escape negative selection; or (ii) that genetic polymorphisms have a significant role in determining the transcriptional response to differing innate immune stimuli in a context-specific manner.
AH8.1 also has a role in interactions with and functional alterations of many immune functions that could contribute to the development of AID. 27 For example, individuals with AH8.1 tend to have higher levels of autoantibodies, peripherally activated T cells, circulating immune complexes and lymphocyte apoptosis, and lower levels of blood lymphocytes, natural killer cell activity and antibody responses to Epstein-Barr virus, hepatitis B virus and 27, 34, 35 Furthermore, the microbiome has been shown to influence both physiology and disease risk because of the role it has in modulating immune responses. Intestinal microbiota have been found to be influenced by specific HLA alleles that are also risk factors for certain AID, which might provide another possible explanation for HLA associations with IIM. 36, 37 Given our limited understanding of the pathogenic mechanisms in myositis as well as the specific functions of allelic variants of genes associated with autoimmunity, additional studies are needed to understand the functional implications of our data. The limitations of this study include its moderate statistical power, despite being the largest study ever conducted on this rare disease spectrum, and heterogeneity in the clinical groups resulting from multiple autoantibody phenotypes for which genetic associations sometimes vary from the clinical phenotypes. 18 These issues should all be addressed in larger, confirmatory studies. Taken together, our findings suggest that AH8.1 and its component HLA alleles impart the major genetic risk for myositis and its main phenotypes. An enhanced appreciation for the role of these HLA variants in the autoimmune pathogenesis of myositis, as well as mechanistic studies and identification and confirmation of additional genetic and environmental risk factors, should ultimately enable the development of molecular profiles that could allow for novel diagnostics and therapeutics.
MATERIALS AND METHODS

Study populations
Investigators in the United States, United Kingdom, Czech Republic, Hungary, Sweden, the Netherlands and Spain with collections of DNA samples from cohorts of myositis patients collected from several different studies formed an international collaboration called the Myositis Genetics Consortium (MYOGEN) with the goal of identifying genetic factors associated with myositis. The general approach was to include all subjects who had given consent for studies that had been reviewed by appropriate IRB boards and using predefined criteria in a similar approach as the DM subjects in our prior publication. 13 Here, we extended our study to include the major clinical phenotypes, adult and JDM and PM, as well as the most common serologic phenotype, namely, that of anti-Jo-1 autoantibodies. 11 The criteria for inclusion of PM cases were predetermined to be probable or definite PM as defined by proximal weakness, myopathy on electromyography, muscle biopsy consistent with IIM or elevated serum muscle enzymes, and the criteria for DM were the same in addition to the presence of Gottron's papules/sign or heliotrope rash, with exclusion of other causes of muscle disease in all cases, per Bohan and Peter criteria. 38 The probable or definite DM criteria, but with age at onset of less than 18 years defined JDM. Anti-Jo-1 autoantibodies were defined by reactivity to histidyl-tRNA synthetase, as determined by validated immunoprecipitation methods. 24, 39 To optimize case-control matching, we utilized separate 
Genotyping and quality control
Genotyping of cases was carried out using various Illumina GWAS arrays (Illumina Inc., San Diego, CA, USA) at the Feinstein Institute for Medical Research, Manhasset, NY, USA, as reported previously. 13 Only SNPs that were present on all platforms were evaluated. SNPs that yielded P40.001 in association tests comparing only cases genotyped on different chips within each geographic group were dropped in the final results (n = 1372 in GWAS) to eliminate any variation in genotyping quality among arrays.
All data underwent quality control before merging and final statistical analyses. The following data were excluded: SNPs with a call rate of less than 95% on any platform, individuals with more than 10% missing rates in genotypes and SNPs of minor allele frequency ⩽ 0.01 or Hardy-Weinberg equilibrium in controls with a P-value ⩽ 10 − 5 . Merged data were separated into five groups according to geographic region (US, UK, Swedish/Dutch, Czech/Hungarian and Spanish). Relatedness was checked by estimating the identity-by-descent coefficient in PLINK (http://pngu.mgh.harvard.edu/ purcell/plink/). 40 Principal components analysis was performed separately using PLINK on each of the major groups of study participants listed in Table 1 as previously reported. 13 We removed any outliers more than 10 − 5 standard deviations from the centroid. Results with and without adjustment for significant principal components were comparable, so results are presented without principal component adjustment.
HLA alleles and imputation
HLA data, provided by Dr Steve Rich from T1DGC in 2012, were used as the reference panel for the imputation of complete or additional HLA alleles and SNPs in the MHC region. The T1DGC HLA data contain 7135 SNPs in the HLA region (with 610 duplicated positions of same or opposite allele reading) and 408 HLA alleles in four-digit coding (that is, higher resolution) from eight HLA genes (HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQA1, HLA-DQB1, HLA-DPA1 and HLA-DPB1) typed on 12 893 people from 3329 T1DGC families. To impute the HLA alleles with two-digit coding (that is, lower resolution) for HLA-A, -C, -B and -DRB1 in the genotyped myositis cases and controls, we collapsed the four-digit coding of T1DGC HLA data for these four genes to 82 alleles with two-digit coding and included them in the reference panel for imputation.
Briefly, the SNP genotyping data of T1DGC were lifted to build 37 positions by using UCSC's liftOver tool based on dbSNP134. Then the SNP genotyping data were aligned to the forward strand by checking them against 1000 Genomes Phase I V2 Northern Europeans from Utah (CEU) data using Beagle's utility programs (http://www.stat.auckland.ac.nz/ browning/beagle/strand_switching/strand_switching.html; http://faculty. washington.edu/browning/beagle_utilities/utilities.html) and flipping to forward if necessary. A total of 6362 unique SNPs in the T1GDC data were successfully aligned and then merged with 408 four-digit HLA alleles and 82 two-digit HLA alleles coded as diallelic markers, as follows: 2 2 = two copies of the specific allele; 1 2 = one copy of the specific allele, 1 copy of another HLA allele; 1 1 = two copies of other HLA alleles; 0 0 = missing all HLA alleles; 0 2 = missing one HLA allele and 1 copy of a specific allele; and 0 1 = missing one HLA allele and 1 copy of another HLA allele. The SNPs were then assigned the physical positions around the center position of each HLA gene to standardize alignment. Lastly, we used 6852 markers (SNPs or HLA alleles) of two alleles from 12 983 people as reference data in HLA imputation. [41] [42] [43] After imputation and filtering to remove SNPs with minor allele frequencies of o0.05 and imputation accuracy 480%, 231 HLA alleles were available for analysis. Detailed information about HLA imputations are described in the Supplementary Methods section.
Statistical analyses
For genomic analyses, we required genome-wide significance levels (5 × 10 − 8 ) for consideration of allelic effects while allowing for genomewide correction for multiple tests. For subtype analyses for which specific hypotheses were considered, we required the traditional P-value of 0.05 for significance. Meta-analyses were conducted using PLINK, which performs fixedeffects analysis using inverse variance weighting to combine the studies. 43 We also present results from a meta-analysis calculated using a random effects model, which adjusts for the heterogeneity of effects among studies, when that is present. Also presented are Cochrane's Q statistic as a measure of heterogeneity among studies and the I 2 index, which indicates the percent of variation among studies (ranging from no heterogeneity to 100%). [44] [45] [46] We applied meta-analysis to the logistic regression tests of the five geographical studies. The number of SNP signals were dramatically reduced after conditioning on the most significant HLA allele (HLA-DRB1*03:01 for all cases, adult DM and JDM; HLA-B*08:01 for PM and anti-Jo-1-positive myositis). We further conditioned on the most significant SNP signals and/or HLA alleles together with the most significant HLA allele until there were no more signals of genome-wide significance. The logistic regression tests with adjustment of covariates and meta-analyses were performed using PLINK.
We performed haplotype analyses that included the most significantly associated HLA alleles. To evaluate the effects of haplotypes, we performed an Omnibus test implemented in PLINK that compares the joint distribution in cases of haplotypes to the joint distribution in controls and performs a χ 2 test with degrees of freedom one less than the number of haplotypes fitted. In these analyses, we added SNPs if the omnibus test for haplotypes significantly improved the fit of a model compared with a model without a specific variant, starting with analysis of HLA-DRB1*03:01, then sequentially adding HLA-B*08:01 and HLA-DQB1*02:01, as these markers improved the omnibus fit when comparing the difference in chisquare tests as haplotypes were extended.
In addition, we determined whether there were significant differences between female and male cases, anti-Jo-1-positive DM and anti-Jo-1positive PM cases, and anti-Jo-1-negative DM and anti-Jo-1-negative PM cases. Assessments of gene-gene interactions for all alleles associated with myositis in the whole group were performed using PLINK.
To identify the relationship between genotypes and risk, we applied a Mantel-Haenszel test in which the strata were formed by the five different population groups. ORs were calculated treating the homozygous non-risk genotype as referent and comparing risk for heterozygous and homozygous carriers of risk alleles. To identify the best fitting genetic model, we used unconditional logistic regression, treating the population sites as categorical covariates and contrasted a general model in which additive and dominant effects were jointly modeled (with two degrees of freedom for genotype) to either additive models with the risk increasing log linearly with number of risk alleles, dominant (in which risk was identical for heterozygous and homozygous carriers) or recessive models (in which risk was only increased for homozygous carriers). Tests were constructed by comparing the log likelihood ratio for the general model to the three restricted models, forming a test that was distributed as a chi-squared variate with one degree of freedom.
